The field of systemic lupus erythematosus (SLE) genetics has been advancing rapidly in recent years. This review will summarize recent advances in SLE genetics.
INTRODUCTION
Systemic lupus erythematosus (SLE) is a chronic autoimmune disease with a strong genetic component. Identical twin concordance rates for SLE range between 30 and 50% [1, 2] , and first-degree relatives of lupus patients have an approximately 20-fold increased risk of SLE as compared with the general population [3] . Although much of the heritability of the disease remains to be explained, recent advances have significantly increased our knowledge regarding the genetic basis of SLE susceptibility. These include studies of multiple different world populations, genetic studies of immune system phenotypes such as type I interferon (IFN) and autoantibodies, and functional genetic studies examining the role of genetic variation in transcriptional regulation and immune cell functioning. This is a large body of work, and this review cannot be completely comprehensive, but it was tried to illustrate some recent studies that explain the ideas outlined above and highlight some findings from the recent literature in SLE genetics. This exciting and rapidly evolving area of research has the potential to greatly inform our understanding of human lupus pathogenesis.
CASE-CONTROL GENETIC ASSOCIATION STUDIES
Genome-wide-association studies have significantly expanded our list of SLE susceptibility loci in the last 10 years [4] , although these studies have largely been performed in European ancestry individuals. Strategies to enhance discovery of new SLE-associated genes have involved performing larger studies in European ancestry with greater statistical power for discovery [5] , and a growing number of studies have assessed the genetic basis of SLE in non-European ancestral backgrounds. There is a strong precedent that the genetic susceptibility alleles for lupus will differ between different world populations. The protein tyrosine phosphatase, nonreceptor type 22 (PTPN22) gene is an example of a well established genetic risk factor for lupus and a number of other autoimmune conditions in European ancestry [6] . Studies to determine whether this allele is a risk factor in African populations have demonstrated that the allele is essentially almost absent in sub-Saharan African populations [7] . The interferon regulatory factor 5 (IRF5) gene provides an interesting example of another SLE-risk gene, which is not shared across all ancestral backgrounds. A long haplotype of IRF5 has been definitively implicated as an SLE-risk allele [8, 9] , and, interestingly, this allele was not present in sub-Saharan African populations [10] . This risk allele promotes autoantibody formation in SLE and non-SLEaffected individuals [10, 11] , and also has been shown to be associated with higher type I IFN levels in patients with SLE [10, 12] . It was initially unclear why this risk allele was not observed in African populations until recent studies of the Neanderthal genome have confirmed that this IRF5 SLE-risk allele is of Neanderthal origin [13] . Therefore, its distribution in the European population is related to the historical Neanderthal range.
Recent genome-wide-association studies in Asian SLE patients have demonstrated a number of novel associations that were unique to Asian populations, such as v-ets avian erythroblastosis virus E26 oncogene homolog 1 (ETS1), IKAROS family zinc finger 1, RAS guanyl releasing protein 3, solute carrier family 15 (oligopeptide transporter), member 4, and others [14, 15] . These studies also confirmed that many European ancestry risk loci were also relevant in this ancestral background [14, 15] . Studies of African American SLE patients thus far have included an assessment of candidate loci discovered in European ancestry [16, 17] . This study found that some of the SLE-risk alleles discovered in European ancestry were relevant in African American lupus, such as B-cell scaffold protein with ankyrin repeats 1, integrin, alpha M (complement component 3 receptor 3 subunit), interferon regulatory factor 7 (IRF7), proto-oncogene, Src family tyrosine kinase, and others [16, 17] . As would be expected based on the discussion above, some European ancestry risk loci were not risk factors for lupus in African Americans, such as PTPN22, methyl CpG binding protein 2, and others [16] . Genome-wide-association scans are currently underway in African Americans to discover novel risk loci relevant in that population, and some candidate gene studies [18 & ,19,20] guided by biological hypotheses have identified new SLE-risk loci relevant to African Americans.
Type I interferon: pathogenic immune system phenotype regulated by systemic lupus erythematosus-associated genetic polymorphisms
Multiple lines of evidence support the idea of the type one IFN is a primary pathogenic feature in lupus [21] . Administration of recombinant human IFN to treat viral infections and malignancies has resulted in de-novo cases of lupus, which improved when IFN is stopped [22] . Additionally, many of the genetic factors noted in the section above function within the type I IFN pathway [23] . Previous studies of lupus families have indicated that type I IFN levels are high in lupus family members, and cluster as a complex heritable trait [24, 25] . Familial aggregation of type I IFN levels may also occur in juvenile dermatomyositis [26] -another autoimmune condition characterized by high circulating type I IFN. Increased type I IFN levels and evidence for heritability of the IFN trait are observed in SLE patients of all ancestral backgrounds [24, 25, 27] . Gene expression studies [28] [29] [30] performed in multiple ancestral backgrounds suggest that there are differences in IFN pathway activation and IFN-induced gene expression between ancestral backgrounds. In African American SLE patients, it seems that high type I IFN levels are more dependent autoantibodies than in European American SLE patients, as the correlation between autoantibodies to RNA-binding proteins and high IFN is stronger in African American SLE cohorts than in European American SLE cohorts [28, 30] . Familial aggregation has also been observed in IL-10 and tumor necrosis factor alpha (TNF-a) cytokines in SLE families [31, 32] , although in each of these studies there was also correlation between SLE patients and their spouses (unrelated family members), suggesting an environmental contribution to the familial correlation. No spousal correlation was observed with type I IFN levels.
When lupus risk genes that function in the IFN pathway have been studied, generally gain-of-function within the IFN pathway in humans has been
KEY POINTS
Genetic studies in non-European populations are critical, as these populations are frequently more commonly affected, and the genetic basis of disease differs to some degree. SLE-associated genetic variations coalesce to impact biological and immunological pathways -the type I IFN system is an important example with both polygenic and monogenic influences.
By studying the function of SLE-associated polymorphisms we can move the genetic association signals into cell biology and begin to understand the human biology of disease.
confirmed [21, 23] . This makes sense, as type I IFN is a pathogenic factor, and is heritable to some degree in a polygenic fashion. Follow-up studies have demonstrated examples of polymorphisms that are associated with higher circulating levels of type I IFN, such as IRF5, IRF7, SPP1, and others [12, 33, 34] . Examples of polymorphisms that result in increased IFN-induced gene expression or increased sensitivity to IFN have been demonstrated, such as signal transducer and activator of transcription 4 (STAT4), interferon induced with helicase C domain 1 (IFIH1), and interferon regulatory factor 8 (IRF8) [35] [36] [37] .
Given that type I IFN is a heritable immune system phenotype related to risk of lupus, it would make sense that studying IFN levels as a genetic trait could yield additional risk loci. Studies have been conducted to identify novel genetic risk factors for SLE using serum IFN as the genetic trait and determining which genetic polymorphisms are associated with high IFN levels in lupus patients [38] [39] [40] . These studies have demonstrated a number of novel polymorphisms, including purine nucleoside phosphorylase and protein kinase, cGMPdependent, type I [40] , which have not been reported in case-control design studies, suggesting that the study of subphenotypes within SLE will be important to fully map the genetic architecture of the disease. The model would be that the genetic variations induce functional genetic changes, which then modulate important immune system phenotypes such as type I IFN or autoantibodies, and then these immune system phenotypes impact disease manifestations (Fig. 1) .
Associations with autoantibodies and nephritis
Genetic variations in the STAT4 gene have been associated with nephritis in SLE patients [41] , as have variants in the myosin, heavy chain 9, nonmuscle and apolipoprotein L1 (APOL1) genes [18 & ,42] . The same STAT4 variant has been associated with double stranded DNA autoantibodies, as well as increased sensitivity to type I IFN [36, 41] . A number of SLE-risk loci have been associated with autoantibody formation in SLE, including STAT4 and IRF5 as mentioned above, IRF7, IRF8, UBE2L3, CR2, and others [34, 37, 43, 44] . Although the exact molecular mechanism by which these genetic variants influence autoantibody formation is not clear, it is interesting that many of these genes have functions within the toll-like receptor (TLR) and type I IFN pathways. Human leukocyte antigen (HLA) alleles have also been associated with autoantibody production in SLE [45] , and in this case an attractive hypothesis is that the SLE-associated HLA allele might correspond to an altered major histocompatibility locus molecule that presents self-antigens of a particular type in an abnormal fashion, leading to autoantibody formation against those self-antigens.
Monogenic systemic lupus erythematosus and systemic lupus erythematosus-like syndromes
Although family studies have indicated that most cases of lupus are polygenic, there are monogenic forms of SLE and lupus-like syndromes that are of monogenic origin. One of the earliest discovered monogenic causes of lupus with a very high penetrance is C1Q deficiency [46] . Homozygous deficiency of C1q is a single gene recessive inheritance cause of lupus with greater than 90% penetrance. With the evolution of modern sequencing techniques that can reliably detect rare genetic variations across the entire genome, a number of other monogenic causes of lupus and lupus-like syndromes are emerging. Interestingly, deficiency of a DNase enzyme (DNASE1L3) was discovered in consanguineous families, and deficiency of this enzyme was associated with a lupus-like syndrome and a recessive fashion [47] . Rare mutations in the three prime repair exonuclease 1 (TREX1) gene have been associated with a monogenic disease with some similarities to lupus called Aicardi-Gutierrez syndrome [48, 49] . Aicardi-Gutierrez syndrome is characterized by elevated circulating levels of IFN, central nervous system inflammation and calcification, and vasculitis. Mutations in TREX1 have also been reported in the clinical syndromes familial chilblain lupus [49] and retinal vasculopathy with cerebral leukodystrophy [50] . These monogenic syndromes are characterized by a detectable IFN signature in serum and cerebrospinal fluid, neurological manifestations, and vasculitis, and have been termed as a group 'monogenic interferonopathies' [51] . Other single gene defects that have been associated with interferonopathies include mutations in ribonuclease H2, subunit A, ribonuclease H2, subunit C, SAM domain and HD domain 1, adenosine deaminase, RNA-specific, and IFIH1 [51] . This fascinating group of syndromes share some features of lupus such as vasculitis and an increase in circulating type I IFN, but are also somewhat distinct as they are not associated with some other classical SLE features such as immune complex renal disease. Thus, these conditions may be considered 'phenocopies' of SLE -monogenic syndromes that resemble the complex genetic disease SLE in some ways. The overlap between risk alleles for these conditions is also fascinating, as both IFIT1 and TREX1 are genes that harbor common polygenic risk alleles for SLE [48, 52] . In the case of IFIT1, increased IFN-induced gene expression has been observed in SLE patients who carry the risk allele [35, 52] . Another recently reported monogenic interferonopathy is STING-associated vasculopathy with onset in infancy (SAVI) [53] . These patients had early-onset vasculopathy and pulmonary inflammation associated with mutations in TMEM173, which encodes the stimulator of IFN genes (STING) protein. Constitutive IFN pathway activation was observed in the context of the disease-associated mutations [53] , supporting this syndrome as a novel monogenic interferonopathy.
Functional genetics of systemic lupus erythematosus-associated polymorphisms
Genetic risk variants discovered in autoimmune diseases are frequently in regulatory regions instead of the coding region of the gene [54] . This is true for SLE, as many SLE-associated polymorphisms are found in nearby genes in regulatory regions and likely impact cell biology by altering gene expression. Only a few lupus-associated polymorphisms are coding-change polymorphisms that change the amino acid sequence of the protein. UBE2L3 provides an example of a functional haplotype tagged by a polymorphism in the promoter region, which confers increased expression of UBE2L3 messenger RNA [55] and protein [56 & ]. This haplotype is also associated with increased nuclear factor of kappa light polypeptide gene enhancer in B-cells (NF-kB) activation in B cells and monocytes in vitro [56 & ]. In SLE patients in vivo, the UBE2L3 genotype is associated with increased circulating plasma cells and plasmablasts [56 & ], and increased circulating IFN in African Americans in a recessive fashion [43] . The TNFAIP3 gene contains a number of different functional elements; however, the best-fit lupusassociated polymorphism occurs downstream of the gene in a functional regulatory element [57] . This regulatory element has been shown to interact with the TNFAIP3 promoter region via long-range looping and binding of NF-kB and SATB1 proteins, altering expression of TNFAIP3 [58] . In African Americans, rare coding-change variations in TNFAIP3 that are uniquely African in origin have been shown to alter the ubiquitination activity of the TNFAIP3 gene product [19] . This theme is also common, in which the same risk locus contains multiple different functional polymorphisms with different effects, which result in disease susceptibility. The TNFAIP3 region seems to have a complex influence on autoimmunity, as different alleles have been associated with different autoimmune diseases [59] [60] [61] , and, interestingly, the SLE-risk haplotype appears to be protective in psoriasis [61] . The IL-10 gene provides another example of a lupus risk polymorphism, which has regulatory function. In this case, the SLE-risk allele is upstream of the IL-10 gene, within a binding region for the Elk-1 transcription factor [62] . This study was able to demonstrate that the single base change encoded by the SLE-risk allele resulted in alternate binding of the Elk-1 transcription factor. It was also noted that expression of IL-10 and phosphorylated Elk-1 were elevated in SLE patients and correlated with disease activity [62] . Another interesting example of an SLErisk regulatory polymorphism is in the ETS1 gene. Genetic variations in the near downstream region of the ETS1 gene have associated with SLE in Asian populations [14] . Follow-up fine-mapping and functional studies confirm this region as being associated preferentially in Asian populations, and expression databases suggest that the polymorphism is associated with alternate ETS1 expression in Asian cell lines [63 & ]. The SLE-risk allele alters binding of phosphorylated STAT1 [63 & ], providing an attractive potential explanation for the differences observed in gene expression related to the allele. The SLE-risk allele is polymorphic across all studied populations, with a relatively similar allele frequency, and although some evidence exists for association of this allele with SLE in Europeans [64] , it seems that there is a larger effect in Asian populations with respect to SLE susceptibility. Thus, this study provides a fascinating example of an ancestry-specific functional genetic polymorphism, and reminds us of the complexity of the human biology being studied. The reasons for differences by ancestry are not clear, but gene-gene interactions and epistasis, ancestry-specific differences in protein cofactor expression, and differences in environmental factors would be possible explanations for why the same functional change in genomic DNA results in a differential effect on SLE susceptibility between populations.
Although less common, coding-change polymorphisms have also been associated with risk of SLE. PTPN22 is an example of a common codingchange polymorphism, and many immunological and biological changes have been associated with carriage of this variant. Some of these include altered B-cell maturation and activation [65] , alterations and IFN signaling in innate cells [66, 67] , as well as alterations in the T-cell compartment [68, 69] . This gene illustrates the difficulty in assigning functional immune system abnormalities to genetic variations, as it can be difficult when there are multiple effects and the gene is expressed in multiple cell lineages. In such a case, the gene could be having distinct effects in multiple different cell lines, or it could be possible that there is one major primary biological event and the other observed immunological abnormalities are secondary to the one primary event. In the case of PTPN22, it is clear that this gene impacts the immune system in a complex and multifactorial fashion. Coding-change polymorphisms in the ILT3 gene have been shown to impact ILT3 protein expression on dendritic cells and cytokine levels in lupus patients [70] . ILT3 is a suppressive receptor expressed on innate cells, and is induced by type I IFN. These data suggest a potential defective feedback regulation loop with respect to type I IFN in innate cells -a suppressive receptor induced by type I IFN is reduced in expression in SLE patients, and cytokine levels are higher in these patients [70] . The mitochondrial antiviral signaling FIGURE 2. Summary of functional genetic changes discussed in the article, illustrating location relative to the gene structure. Transcriptional start site is indicated with the large black 90 degree arrow, gene exons are indicated by grey rectangles, 3' UTR region is a dark grey rectangle, diagonal lines used to represent a large skipped interval, grey outlined box indicates an enhancer element. UTR, untranslated region.
protein (MAVS) gene provides an example of an ancestry-specific coding-change functional polymorphism. MAVS is a mitochondrial protein that is involved in signaling downstream of cytosolic nucleic acid sensors, which respond to virus infection with type I IFN and inflammatory cytokine production [71] . African-derived coding-change polymorphisms in MAVS, which were not found in other ancestral backgrounds, were shown to be loss-of-function with respect to cytokine production after viral infection [20] , and these same polymorphisms were associated with a low IFN, autoantibody negative SLE phenotype in African Americans [20] .
Genetic variations have also been shown to impact microRNA expression and binding in SLE. MicroRNA 146a is a negative regulator of the type I IFN pathway. A polymorphism in the promoter region of this microRNA results in decreased Ets-1 transcription factor binding, and decreased levels of microRNA146a [72] . This would be expected to reduce the suppressive effect of microRNA 146a on the type I IFN pathway in SLE patients. Another study [73] has confirmed this finding of SLE-associated genetic variation near microRNA 146a resulting in decreased expression of the microRNA in European populations. Sequence variations that alter microRNA-binding sites have also been implicated in lupus. TLR7 is an endosomal TLR that has been strongly implicated in immune complex recognition and type I IFN production in SLE [74] . A genetic variant in the 3' untranslated region (UTR) of TLR7 has been associated with SLE [75] . Follow-up studies of this allele demonstrated that the change in the 3' untranslated region sequence altered the binding of microRNA 3148 [76] . This reduced binding of the microRNA resulted in increased transcript level of TLR7, and higher expression levels of TLR7 protein [76] . Greater TLR7 expression would be expected to increase TLR signaling, and it is likely that this genetic variation impacts disease pathogenesis by increasing endosomal TLR signaling. The various mechanisms by which the genes discussed above alter gene function are shown in Fig. 2. 
CONCLUSION
The above studies demonstrate the diversity of work and examples of some of the exciting findings thus far in the early days of 'post-GWAS' SLE genetics. GWAS continues to be a useful tool, as genetic mapping via GWAS in non-European populations is greatly needed, and results from GWAS studies of additional world populations are expected in the near future. Large-scale follow-up fine-mapping experiments such as the Immunochip consortium SLE results are also expected soon, and these data will likely extend the list of genetic variations definitively associated with SLE. As the review suggests, mapping and association are just the beginning in human genetics, and an enormous amount of work remains to translate the findings from association signals into functional human biology. Work has begun in this next frontier, which will bring us closer to biological understanding and the potential for intervention based upon an individual's genetic substrate.
